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ABSTRACT

The influence of membrane filtration modes on the estimation of size distribution for
natural elements in water was investigated. The stepwise membrane filtration is used to dis-
tinguish different size fractions including large particulate (>18 μm), particulate (0.2–18 μm),
colloidal/nanoparticle (10 kDa–0.2 μm), and truly dissolved fractions (<10 kDa) in river
water samples and wastewater treatment plants effluents. Dead-end and tangential flow
filtrations were compared during fractionation process. For most elements, concentrations in
different size fractions obtained by two filtration modes were generally similar. The obvious
difference was only found in acid fractions for some elements, which might be related to
the cake grown at membrane surfaces between two filtration modes. In case of elemental
partitioning, the influence of filtration modes was normally negligible, when the membranes
used and operational factors were exactly the same.
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1. Introduction

With the rapid development of semiconductor and
nanotechnology industries, some elements used in
these industries could be released into receiving
waters via sewage effluents [1,2]. However, knowl-

edge of the concentrations of these elements in
receiving waters is substantially lacking [2,3],
especially for the elements associated with colloidal/
nanoparticle fractions or even used under nanopartic-
ulate form. Due to the complexity and polydispersity
of aquatic colloids/nanoparticles, the sample fraction-
ation is often required prior to analysis [4]. Membrane
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filtration is one of the most commonly used size
fractionation techniques [5].

Size fractionation of natural water by membrane
filtration can be carried out through dead-end filtra-
tion (DEF) or tangential flow filtration (TFF). But it is
still unclear which kind of filtration mode can achieve
a better size fractionation, particularly for the part of
aquatic nanomaterials/colloids. On one hand, some
studies selected DEF to assess the colloidal forms of
trace elements in river water or estuaries [6–8].
Guéguen et al. [9] recommended the DEF for its easy
handling, since TFF possibly required large-volume
samples (i.e. 10–1,000 L) and was relatively time con-
suming depending on the desired concentration factor.
Also, it is doubtful that TFF could be used at
significantly higher flow rates than DEF without gel
formation above the membrane surface leading to
errors in the size discrimination [10]. On the other
hand, a number of studies employed TFF instead of
DEF to collect and separate nanomaterials/colloids,
since TFF is likely to reduce some fouling problems
like concentration polarization and clogging caused by
DEF [3,11–13].

In this paper, the industrial zone (IZ) of Rousset–
Peynier (Provence, France), known as “Silicon Valley
of Provence” was selected because a large number of
companies in the field of microelectronics, nanotech-
nology, and surface treatment of components (wafer
polishing) are located there. In this area, industrial
effluents are treated by a specific wastewater treat-
ment plants (WWTPs) of the IZ after recycling and
treatment at each site, before they are discharged into
the Arc River [14]. Surface water samples from
upstream, WWTP effluents of the IZ, and downstream
of the Arc River were analyzed. Filter cartridges
(18 μm) and membranes with decreasing pore size/
MWCO (0.2 μm and 10 kDa) were used to distinguish
large particulate (i.e. >18 μm), particulate (i.e.
0.2–18 μm), colloidal/nanoparticle (i.e. 10 kDa–0.2 μm),
and truly dissolved fractions (i.e. <10 kDa). After a
similar pre-filtration (18 μm), both DEF and TFF
modes were tested on the same water sample, in order
to investigate the effects of filtration modes on the
estimation of size distribution for elements in water
samples. The size distribution is given by the mem-
brane molecular weight cutoff (MWCO) given by the
manufacturers.

2. Materials and methods

2.1. Sampling sites

Water samples were collected from the IZ of
Rousset–Peynier in France (September 2012). As

depicted in our previous work [14], the WWTP efflu-
ent of IZ, defined as “Outlet,” was collected right
before its release into the Arc River, and the other two
surface water samples were taken from the upstream
and downstream of the Arc River. About 20 L water
samples (10 L for each filtration mode) were collected
for each site. Samples were collected in plastic bottles
that had been washed with 0.1 M super-pure HNO3

and rinsed with Milli-Q water. Within 1–2 h of
sampling, raw water samples were transported to the
laboratory and immediately processed for analysis (i.e.
pH and conductivity) and pre-filtration.

2.2. Fractionation processes

The schematic layout of the sample preparation
protocol is given in Fig. 1. Raw water was firstly fil-
tered by Rigimesh® sintered metal mesh filter car-
tridges (MBS1001RK, PALL) with a pore size of 18 μm
in order to remove large particles. The outlet from the
cartridge was collected as feed water. Then, a two-step
filtration was immediately undertaken using 0.2 μm
polyvinylidene fluoride hollow fiber membrane
(UMP-0047R, Microza, PALL) and 10 kDa polyether-
sulfone cassette membrane (Sius-LS TFF, HyStream,
LP screen channel, Novasep). The clean membranes
permeabilities (T = 20˚C) were 922 ± 128 and 157 ± 8 L
h−1 m−2 bar−1 for the 0.2 μm and 10 kDa membranes,
respectively.

A two-step filtration was carried out for feed
water. Two different filtration methods were used in
this study: TFF and DEF, which were all performed
using the AutoPurification System (PureTec™, Scilog-
Inc, USA), as presented in Fig. 2. The PureTec™ sys-
tem is a software-driven fluid delivery system that
automatically monitors and adjusts transmembrane
pressure (TMP) or cross flow rate, and records filtra-
tion parameters over time. The system is mainly com-
posed of peristaltic pump, feed tank, stirrer, balance,
membrane filter, permeate reservoir, three pressure

Fig. 1. Schematic layout of the sample preparation protocol.
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sensors (P1, P2, and P3), conductivity monitor with
conductivity/temperature sensor, and SciDoc data col-
lection software. The additional tank is used to
increase the capacity of feed tank (10 L).

Prior to filtration experiments, the membranes
were thoroughly rinsed by distilled water to remove
preservatives by TFF mode until the conductivity of
permeate is close to that of distilled water. During the
process, only valve 6 was closed. This stage lasted
about 30–60 min. The constant pressure mode of Pure-
Tec™ system was chosen to enable filtration of sam-
ples. TMP was maintained at a constant level for each
filtration run (0.6–1.3 bar for 0.2 μm filtrations and
2.5–2.9 bar for 10 kDa filtrations). Filtrate flux was cal-
culated. During the filtration processes, valves 1, 2,
and 5 were open, valve 6 was closed. DEF was carried
out by closing valve 4. By opening this valve, TFF pro-
cess can be performed. Valve 3 was partially closed,
which is used to increase the pressure of P2 and to
achieve a high TMP easily during TFF process. The
volume concentration factors ranged from 26 to 28 for
0.2 μm filtrations and from 22 to 25 for 10 kDa
filtrations.

At the end of each filtration run (after the collec-
tion of permeates and retentates), about 200 mL
0.01 M super-pure HNO3 solution (pH 2) was flushed
through the filtration system, in order to recover as

much as possible elements that may have adsorbed to
the membrane during filtration. During the process,
valves 2, 3, 4, and 6 were opened, valves 1 and 5 were
closed. This stage lasted about 30 min, under the TMP
of 2 bar. The acid rinsing solutions (define as Acid 1
and 2) were also collected after each membrane filtra-
tion step (0.2 μm and 10 kDa) for mass balance analy-
ses. The mass balance for each filtration process and
the percentage of each pore size/MWCO fraction for
elements were calculated [14].

2.3. Sample analysis

Water samples for element analyses were stored at
4˚C after acidification (pH 1 or 2) with super-pure
HNO3 (15 M). All the samples were analyzed without
dilution. Element concentrations were mainly deter-
mined by inductively coupled plasma mass spectrome-
try (ICP-MS, NexION 300X, PerkinElmer). Indium was
used as internal standards. Accuracy and precision of
ICP-MS measurements were checked using certified
reference materials SLRS-4 (fresh water sample) from
the National Research Council of Canada, which were
within 5% of the certified values for the elements of
interest. The detection limits for elements generally ran-
ged from 0.01 to 1 μg L−1, except for Si (19.61 μg L−1)
and Fe (3.30 μg L−1).

The pH of samples was measured with a micro-
processor pH meter (HANNA, pH210), and the con-
ductivity was measured using WTW Cond 3310
Handheld Conductivity Meters (Germany). Turbidity
of raw water was analyzed by WTW Turb 550 IR tur-
bidity meter. UV absorption at 254 nm (UV254) of raw
water was measured by JENWAY 6715 UV/Vis spec-
trophotometer. Total organic carbon (TOC) was deter-
mined using a Shimadzu TOC-VCPH analyzer. The
detection limit was 4 μg L−1. The particle size distribu-
tion of samples (i.e. feed, retentate 1) was evaluated
by Malvern Mastersizer 3000 laser diffraction particle
size analyzer.

3. Results and discussion

3.1. Characteristics of raw water

The main chemical parameters for raw water of
different sites are presented in Table 1. The pH values
of raw water for the three sampling sites were near
neutral and rather similar, ranging from 7.60 to 7.77.
The conductivity values of raw water from river
(upstream and downstream) were relatively constant,
ranging from 1,509 to 1,530 μS cm−1 between upstream
and downstream, but were much higher than that
(945 μS cm−1) measured in WWTP effluent (outlet).

Fig. 2. Pilot-scale filtration system (a) schematic diagram
and (b) photo.
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Contrary to the conductivity, the maximum values of
turbidity and UV254 were observed at the outlet. It can
be seen that TOC contents at the outlet were higher
than those in river water, which are in good agree-
ment with the tendency obtained in UV254 analysis.
The higher contents of TOC at the outlet may be
related to the flocculants used in WWTPs.

Total concentrations of elements in raw water for
three sampling sites are also given. In general, the
concentrations of major elements measured in river
water were below accepted concentrations for drink-
ing water [15], except for Cd. The higher concentration
of Cd (2.5 times than drinking water standards) was
only observed upstream. This occurrence was not
associated with IZ contribution, since the water with-
drawals from the river were performed upstream of
the WWTP outlet and also Cd concentration was low
at the WWTP outlet.

For elements Fe, Co, Cu, Sb, and Gd, their total
concentrations downstream increased, compared to
upstream. On one hand, for Co, Sb, and Gd, their con-
centrations at the WWTP outlet were higher than in
river water. Thus, the increase in concentrations of Co,
Sb, and Gd downstream could be caused by a discharge
of these elements via WWTP effluent into river water,
although it cannot be concluded that effluent was the
only contributor. On the other hand, for other elements
like Cu, their concentrations at the WWTP outlet were
lower than or similar to those in river water. Thus, the
increase in their concentrations downstream could be

attributed to other factors (i.e. geochemical behaviors of
elements, or other unknown sources) rather than the
inputs of WWTP effluent. In the particular case of Fe
(used as coagulant), its concentration at the WWTP is
high and remains high downstream. This may be due
to the WWTP contribution.

3.2. Size distribution in feed and retentate

Fig. 3 describes the particle size distribution of feed
(<18 μm) and retentate 1 (0.2–18 μm) from three sam-
pling sites. The size distribution for lower fractions was
not studied. For feed water, the values of Dv 90 (parti-
cle size below which 90% of the volume of particles
exists) upstream and downstream were 27 and 22.3 μm,
respectively. The results indicated that the 18 μm pre-
filtration could generally realize a desirable separation
of large particles from water. But there still exist some
larger particles than 18 μm (the pore size of the mesh
filter cartridge) in filtered samples. This phenomenon
might be caused by very rapid aggregation of some
small particles in filtered water during the period of
about 30 min (samples were transported to the place
for size analysis after the filtration end). Moreover, the
Dv 90 value of 105 μm in the WWTP outlet-feed water
was about 4–5 times higher than feed water from
upstream and downstream. This difference can be due
to the own characteristics of samples and the influence
of the WWTP. It also can be due to some problem
during the settling phase of the WWTP operations.

Table 1
Main chemical parameters for raw water in three sampling sites (element concentrations are represented by “mean
± standard deviation”)

Upstream Outlet Downstream Detection limits

pH 7.77 7.60 7.65 –
Conductivity (μS cm−1) 1,509 945 1,530 –
Turbidity (NTU) 4.6 8.0 6.2 –
UV254 (cm

−1) 0.056 0.161 0.067 –
TOC (mg L−1) 2.81 5.80 2.96 0.004
Si (μg L−1) 3,623.04 ± 30.87 2,924.08 ± 29.77 3,583.19 ± 16.33 19.61*

Fe (μg L−1) 50.23 ± 1.39 85.68 ± 1.81 84.02 ± 1.12 3.30*

Co (μg L−1) 0.117 ± 0.007 0.412 ± 0.009 0.192 ± 0.006 0.004*

Cu (μg L−1) 8.963 ± 0.066 7.621 ± 0.098 10.319 ± 0.114 0.028*

As (μg L−1) 0.513 ± 0.031 0.274 ± 0.033 0.543 ± 0.026 0.015*

Sc (μg L−1) 0.042 ± 0.014 0.028 ± 0.002 0.033 ± 0.008 0.025*

Sr (μg L−1) 481.94 ± 6.08 350.12 ± 2.30 485.41 ± 4.96 0.004*

Cd (μg L−1) 12.742 ± 0.185 0.827 ± 0.014 0.080 ± 0.019 0.002*

Sb (μg L−1) 0.230 ± 0.020 0.584 ± 0.042 0.294 ± 0.005 0.005*

Cs (μg L−1) 0.062 ± 0.004 0.047 ± 0.000 0.067 ± 0.001 0.023*

Gd (μg L−1) 0.043 ± 0.002 0.467 ± 0.001 0.065 ± 0.003 0.020*

*Detection limits of ICP-MS were calculated as three times the standard deviations of analytical blanks.

–Not determined.
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Compared to feed water, the increase of sizes in
retentate 1 could be explained by particle aggregations
during filtration processes and/or aggregation during
sample storage (even the storage duration was short).
With regards to the influence of filtration modes on
size distributions, the results showed that the sizes of
retentate 1 (0.2–18 μm) by DEF were obviously larger
than those by TFF for all three sampling sites. This
suggested that DEF resulted in aggregation of particles
(0.2–18 μm) to a larger degree, compared to TFF. The
reason for the larger aggregates formation could be
related to the greater level of fouling during DEF than
TFF.

3.3. Mass balance recoveries

Fig. 4 depicts the mass balance recoveries (%) mea-
sured for each filtration process (0.2 μm and 10 kDa)
obtained by DEF and TFF. The recovery efficiencies of
TOC for all three sampling sites by both filtration
modes were satisfying, within the range from 89 to
104%. The recoveries of elements Si, Co, As, Sr, Cd,
Sb, Cs, and Gd were within the range of 70–130%, in
both 0.2 μm and 10 kDa filtration by two filtration

modes for all sampling sites. According to Babiarz
et al. [16], the mass balance within ±30% is considered
reasonable for data validation. For these elements, the
mass balance values obtained by two filtration modes
(DEF and TFF) were generally similar.

For elements Fe, Cu, and Se, their mass balance
recoveries were not always acceptable. For Fe, low
recoveries (52–61%) were observed during 0.2 μm fil-
tration of downstream water regardless of the filtra-
tion modes. This result was consistent with our
previous studies (37% recovery for Fe during 0.2 μm
filtration of upstream water) [14]. Other authors also
reported the low recoveries of Fe in river water (71%)
[17], seawater (47–60%) [18], and sediment pore water
(71%) [19]. This phenomenon could be attributed to
the trapping of Fe-compounds inside membranes or
sorption to the membranes. Incomplete recoveries
were also observed for Cu downstream during 0.2 μm
and 10 kDa filtration and for Se in 10 kDa-TFF
upstream. But for Cu and Se, their recoveries in some
parts were over 130%, possibly due to the analytical
uncertainty and/or contamination. Similarly, the mass
balance of Cu in sediment pore water was found to be
150% and highly variable [19].

Fig. 3. Particle size distribution of feed (<18 μm) and retentate 1 (0.2–18 μm) from (a) upstream, (b) outlet, and
(c) downstream (D: DEF; T: TFF). Size distributions were measured by Malvern Mastersizer 3000 laser diffraction particle
size analyzer.
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3.4. Element concentrations in different fractions by two
filtration modes

In order to investigate the influence of filtration
modes on the elements partitioning, element concentra-
tions in different fractions obtained by DEF and TFF
are compared, as shown in Fig. 5. As described in
Section 2.2, the raw water was firstly filtered by 18 μm
filter cartridges to get the outlet as feed water. Then the
feed water was divided into two parts for DEF and TFF
(noted D and T, respectively) during the next stepwise
filtration 0.2 μm and 10 kDa (noted 1 and 2, respec-
tively). For example, during DEF, feed water was fil-
tered to get permeate 1-D, and then permeate 1-D was
filtered to get permeate and retentate 2-D. The same
case was with TFF process. Since raw water and feed
water for two filtration modes were the same, only the
size fractions including permeate 1, retentate 1, acid 1,
permeate 2, retentate 2, and acid 2 are compared.

For most elements, the concentrations obtained by
two filtration modes were generally similar in different
size fractions (i.e. permeates) (Fig. 5). The significant
difference was mainly found in acid fractions for some
elements, i.e. Si. This observation corresponds to the
findings of Dupré et al. [20], who compared the element
contents in the 0.20 μm dead-end and tangential

filtrates, and found that element concentrations were
generally similar except for some elements, such as Al,
Mn, Cu, etc. However, they only compared 0.20 μm
permeates without studying other size fractions.

In terms of particulate fractions (0.2–18 μm) which
include acid 1 and retentate 1, the difference was
related to element types and sampling sites. For Si and
Sr, their concentrations in acid 1-D were 1.7–1.8 times
higher than in acid 1-T for river water, but not for
WWTP outlet water. As mentioned previously, the
acids were used to flush through the filtration system
at the end of filtration run, in order to recover as much
as possible elements adsorbed to membranes. Thus,
the result indicates that more Si and Sr within particu-
late fractions (0.2–18 μm) were normally adsorbed
and/or retained by the membranes during 0.2 μm
DEF, compared with TFF processes. The same case
was with Fe (see acid 1 in downstream), but the oppo-
site case was found for Co (see acid 1 in upstream).

With regards to colloidal/nanoparticle fractions
(10 kDa–0.2 μm), elements also showed very different
behaviors, partly dependent of sampling sites. For
elements Fe, Cu, and Sr in river water, their concentra-
tions in acid 2-D were higher (1.5–3.1 times) than in
acid 2-T. But the opposite case was observed for
Si, whose concentrations in acid 2-T were higher

Fig. 4. Mass balance recovery (%) of elements for three sampling sites by two filtration modes (D: DEF; T: TFF).
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Fig. 5. Concentrations of elements Si, Fe, Co, Cu, and Sr associated with different fractions. Error bars refer to the
standard deviations on the average of three repeated measurements.
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(1.6–2 times) than in acid 2-D, regardless of sampling
sites. Similarly, higher concentrations were found for
Co within retentate 2-T in upstream and outlet.

In agreement with the elements (Si, Fe, Co, Cu,
and Sr) discussed before, the contents of Cd, As, Sb,
Se, Cs, and Gd in different size fractions obtained by
two filtration modes were generally similar (data not
given), taking into account the analytical uncertainties
and detection limits (concentrations in some fractions
were close to the detection limits). Overall, the influ-
ence of filtration modes on elemental concentrations
within size fractions was highly variable, which was
dependent on many factors such as element types,
water bodies, and the size fractions studied. In conclu-
sion, for many elements, the significant difference for
element concentrations was only found in acid frac-
tions between two filtration modes.

3.5. Partitioning of elements by two filtration modes

The percentages of elements in large particulate
(>18 μm), particulate (0.2–18 μm), colloidal/nanoparti-
cle (10 kDa–0.2 μm), and truly dissolved (<10 kDa) frac-
tions, which were obtained by DEF and TFF processes
are presented in Fig. 6. For this calculation, both data of
concentrations and mass balance were used. It should
be noted that for large particulate fractions (>18 μm),
their separation was performed using the same 18 μm
dead-end pre-filtration system. So, there was no differ-
ence between D and T for large particulate fractions.

Whatever the sampling sites or the filtration modes,
organic matters (TOC indicator) primarily existed as
truly dissolved fractions (76–90%). This corresponds to
the previous investigation that most of TOC in river
water was composed of organic compounds smaller
than 0.05 μm [21]. In all samples, elements Si, Co, As, Se,
Sr, Cd, Sb, and Cs were mainly found in truly dissolved
fractions (72–94%), which showed similar profiles as
TOC. The results were in agreement with Casiot et al.
[22], who reported that As, Cd, and Co were mainly
present in dissolved phases in river waters. For Fe, a
considerable part was also found in large particulate
fractions (34–69%). This result was consistent with our
previous studies [14] and one research on river waters
[23]. For Gd in upstream (U-D and U-T), it was almost
equally bound to large particulate (42%) and truly dis-
solved (53%) fractions. For most elements, either the
particulate fractions or the colloidal/nanoparticle frac-
tions only occupied a very small part (<10%), except for
Cu. For example, the colloidal/nanoparticle fractions of
Cu ranged from 9 to 15% among sampling sites, which
were slightly higher than those of other elements.

From upstream to downstream, most elements
were, more or less, increasingly accumulated in truly

dissolved fractions, except for Si and Sr (remained con-
stant). Compared to upstream, the total percentages of
particulate and colloidal/nanoparticle fractions for
most elements decreased or relatively remained con-
stant in the downstream, except for Cu, Cd, and Gd
(increased slightly by 2–4%). However, it could be inter-
esting to discuss the term “truly” dissolved fraction
based on 10 kDa filtration. The case of iron is emblem-
atic, since the solubility of iron minerals is quite low at
circumneutral pH. Indeed, the solubility of one of the
most soluble iron oxyhydroxide phase (ferrihydrite)
from Yu et al. [24] is estimated to be log K = 8.46 ± 1.40
(for 2-line ferrihydrite), based on the following equation
for the ferrihydrite dissolution: Fe2O3–0.5y(OH)y +
6H+⇒ 2Fe3+ + (3 + 0.5y) H2O. Then the Fe3+ concentra-
tion at pH 7.7 would be 3.17 × 10−19 mol L−1. However,
the Fe concentration range is from 3 to 4 × 10−7 mol L−1

for the <10 kDa fraction in all studied waters. This
clearly indicates that the filtration at 10 kDa may not be
powerful enough to isolate the “truly dissolved frac-
tion.” Even the equation relating the size porosity to the
MWCO, only provide rough estimation, a 10 kDa mem-
brane might possess pore diameter in a 2–4 nm range,
i.e. [25]. Therefore, in the case of iron, for instance, this
clearly indicates that Fe is mainly present under the
form of Fe-molecule (either Fe–Fe polymers or Fe-
organic complexes) and not under the ionic form.

About the influence of filtration modes (D and T)
on elemental partitioning, for particulate (0.2–18 μm)
fractions, there was almost no variation between two
filtration modes for most elements, except for Co, Cu,
and Se (slight variation between D and T, ranging
from 2 to 4%). For Co and Cu in upstream (U-D and
U-T), TFF yielded a slightly higher particulate fraction
than DEF; but the opposite case was found for Cu in
the WWTP outlet water (O-D and O-T). However, for
these 2 cases, the variations were very small. With
regard to colloidal/nanoparticle (10 kDa–0.2 μm) frac-
tions, TFF yielded a slightly higher proportion than
DEF for elements Si, Fe, As, Se, Cd, and Cs. On the
contrary, TFF yielded a lower colloidal/nanoparticle
proportion than DEF for Cu in upstream and down-
stream. Given that the particulate fractions or the col-
loidal/nanoparticle fractions only occupied a very
small part (<10%) for most elements, the difference in
these size fractions between two filtration modes were
not so evident. In the case of TOC, the size fractions
obtained by two filtration modes also showed the sim-
ilar profiles, which indicates the partitioning of TOC
was independent of filtration modes.

For these elements or TOC, as a conclusion, the
influence of filtration modes on partitioning was not
significant, when the membranes used and operational
factors during filtration processes were the same.
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4. Conclusions

In this study, the impact of membrane filtration
modes (DEF and TFF) on fractionation processes was
studied. Surface water samples from upstream,
WWTP effluent (outlet) of the IZ, and downstream of
the Arc River were analyzed. For most elements, con-
centrations in different size fractions obtained by two
filtration modes were generally similar. These results
are supported by the validation of the mass balance.
The obvious difference was only found in acid frac-
tions for some elements, which might be related to the
cake grown at membrane surfaces between two filtra-
tion modes. This observation is also in agreement with
particle size analysis for 0.2 μm filtrations, which
revealed that DEF resulted in particle aggregation to a
larger degree than TFF, and this might be linked to
the greater level of fouling during DEF. In case of ele-
mental partitioning, the influence of filtration modes
was normally negligible, when the membranes used
and operational factors were exactly the same. Overall,

the results obtained largely improved the understand-
ing in filtration processes of aquatic elements.
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